ABSTRACT: Captive propagation and restocking of native fishes is a common conservation strategy. However, hatchery-reared fishes are predator-naïve, and thus many stocked fishes are lost to predation, reducing the effectiveness of restocking programs. Many fishes use odor to identify known predators and, through the detection of chemical alarm cues, learn to recognize novel predators. A large body of research has focused on the efficacy of using predator odors in conjunction with chemical alarm cues to train hatchery-reared fishes to recognize predators prior to stocking. While it appears possible to train most fishes to recognize a novel predator through exposure to olfactory cues, few studies have shown that this training translates into increased survival for trained fishes. Recently, it has been proposed that hatchery fishes do not retain the learned associations long enough for hatchery training to result in increased survival, though few studies have quantified how long hatchery-reared fishes do retain learned associations. We conducted a series of laboratory experiments that demonstrate hatchery-raised June sucker Chasmistes liorus liorus, an endangered sucker endemic to Utah Lake, Utah, USA, can learn to recognize a novel predator (largemouth bass Micropterus salmoides). We also show that this learned association is retained for at least 2 d, but is lost by 10 d after initial exposure. Our results suggest that in the absence of reinforcement, June sucker do not retain learned predator recognition long enough to expect hatchery training to translate into increased survival.
INTRODUCTION
The loss of native species is a subject of concern for conservationists and ecosystem managers worldwide. Freshwater fishes are particularly threatened (Bruton 1995) . In North America alone, there have been at least 42 documented extinctions of freshwater fish species and subspecies over the past 125 yr (Dextrase & Mandrak 2006) . Some estimates suggest 35% of fishes native to North America are currently threatened (Helfman 2007) . Increasingly, conservation and management plans include restocking programs as a recovery tool (Marsh & Brooks 1989 , Rakes et al. 1999 , Bearlin et al. 2002 , Bill man et al. 2011 . However, there is strong evidence that hatchery fishes have lower survival than wild fishes, due to both genetic (Araki et al. 2007 ) and behavioral differences (e.g. Bereji kian 1995, Pearsons et al. 2007 , Yokota et al. 2007 ). The behavioral causes of hatchery fishes' reduced survival compared to their wild-born counterparts has led many to suggest training hatchery fishes in specific life skills, such as predator recognition, prior to their release (Brown & Laland 2001 , Fernö et al. 2011 .
A large body of research has focused on the use of chemical alarm cues and other olfactory stimuli in predator recognition training (Brown et al. 2011a) . Fishes use olfaction to identify a predation threat in 2 ways: through recognition of the odor of a predator, and through conspecific chemical alarm cues.
Chemical alarm cues were first documented by Karl von Frisch in 1938 , who determined that the olfactory system mediated the reaction, and the alarm substance was stored in the skin (von Frisch 1938 (von Frisch , 1942 . These chemical alarm cues are released when the skin is broken, often during a predation event (Pfeiffer 1967) . The release of an alarm substance allows conspecifics to initiate anti-predator defenses and to learn to identify new predators. There is wide support in the literature that fishes can learn to recognize novel predators by associating a predator's odor with the release of alarm cue (Brown et al. 2011a and references therein). The widespread ability of many fish species to use chemical cues to identify novel predators, as well as to detect and appropriately respond to known predators, has led many to suggest that the survival of hatchery-raised fishes may be improved by exposing these fishes to predator odor in conjunction with an alarm cue prior to placement into a natural environment (Brown & Laland 2001 , Fernö et al. 2011 . However, there is mixed support regarding whether predator recognition training increases survival (Berejikian et al. 1999 , Hawkins et al. 2007 , D'Anna et al. 2012 , Wahl et al. 2012 .
Recently, the length of time fishes retain learned associations has been hypothesized to affect the efficacy of predator recognition training (Brown et al. 2013 ). The few studies that have investigated the duration of leaned associations reported high variation between species. Hatchery-reared rainbow trout Onchorynchus mykiss have been found to retain learned recognition of a novel predator up to 21 d after initial conditioning (Brown & Smith 1998) , while fathead minnows Pimephales promelas retained predator recognition for at least 2 mo (Chivers & Smith 1994) . Fish are not alone in forgetting previously learned predator cues; several species of crayfish and tadpoles have also been shown to eventually forget previously learned predator cues in the absence of reinforcement of the cue (Hazlett et al. 2002 , Gonzalo et al. 2009 , Ferrari et al. 2010a . The tendency of animals to apparently forget previously learned predator cues led Ferrari et al. (2010a) to suggest a model of 'adaptive forgetting'. In their model, Ferrari et al. (2010a) propose that there is a high cost for misinterpreting predator cues, and as a result there is a strong inducement to retain only the most recent and/or reliable information. Brown et al. (2013) suggest that hatcheries select for many of the intrinsic factors that decrease the length of time fishes retain learned associations, and therefore reduce the efficacy of predator recognition training.
The June sucker Chasmistes liorus liorus (hereafter referred to as sucker) is an endangered fish endemic to Utah Lake, Utah (Whitney & Belk 2000) . Utah Lake once supported a community of 13 native fishes (Miller & Crowl 2006) ; however, all but 2 native fishes have now been extirpated from the lake, and 16 non-native fishes (including many top-level predators) have been introduced (Table 1; Whitney & Belk 2000 , Belk et al. 2001 , Billman & Crowl 2007 . A sucker captive propagation program has been in place for over a decade, although few of the hatchery-raised fish have recruited into the natural spawning pop ulation. Of the 11 579 sucker stocked into Utah Lake directly from the hatchery facility between 1994 and 2006, only 85 were subsequently detected on the spawning grounds (Billman et al. 2011 (Belk et al. 2001 , Billman et al. 2011 . In this study, we investigated the ability of the June sucker to retain the association of a novel predator's odor with danger. We determined if hatchery-raised sucker innately recognized the odor of a non-native predator that is now common in Utah Lake. Additionally, we conducted experiments to determine if sucker could detect chemical alarm cues in the odor of feces from a predator that had recently consumed sucker and, if so, if the sucker would then associate the predator's fecal odor with the threat of predation in the absence of sucker chemical alarm cue. Finally, we tested the length of time sucker retain any learned predator recognition.
MATERIALS AND METHODS
Experiments were conducted at the Utah State University Millville Aquatic Research Facility in Millville, Utah using local well water. Utah Division of Wildlife's Fisheries Experiment Station provided predator-naïve sucker, which had not encountered a predator in their lifetime. Largemouth bass Micropterus salmoides were captured from Mantua Reservoir, Mantua, Utah, and swordtail Xiphophorus helleri were purchased from commercial pet stores. All fish were kept on a natural light schedule.
Two experiments were conducted: the first (hereinafter chemical cue recognition experiment) was designed to test if sucker could recognize a threat conveyed by the odor of largemouth bass feces and/or respond to conspecific chemical cues in the predator's feces. The second experiment (hereinafter learning experiment) tested if sucker can use chemical cues to learn to associate a predator's fecal odor with danger and if so, how long they retain that association.
Fright response
Sucker were observed prior to the experiments to identify fright reaction behavior. During this observational period, fish were acclimated for 24 h, at which time a small stone was dropped into the tank and the reaction of the fish was documented. Two fright reactions, dashing and freezing, were identified. Dashing was defined as rapid, undirected swimming, while freezing was defined as the cessation of all movement. Dashing and freezing are common fright reactions observed in many species of fishes (Chivers & Smith 1998 . Although no shoaling behavior was observed, initial trials revealed that groups smaller than 5 sucker did not acclimate to the experimental tanks; therefore, sucker were tested in groups of 5 for both experiments.
Preparation of stimuli
To collect sucker chemical alarm cues (AC), 4 sucker were pithed and filleted. The fillets were immediately homogenized with chilled distilled water at a concentration of 0.1 cm 2 skin ml −1 H 2 O. The mixture was filtered through glass wool, divided into 60 ml aliquots, and frozen for future use. Sixty ml of stimulus created a concentration of 4 × 10 −4 ml of stimulus per ml of experimental tank water, which is consistent with published methods (Brown et al. 2006) .
Prey fishes can often detect predators and conspecific chemical cues from the feces of predators (Brown et al. 1995) . To collect predator feces containing sucker chemical cue (hereinafter PFCC), 4 bass were fed sucker ad libitum for 10 d. In order to collect predator feces without sucker chemical cue (hereinafter referred to as PF), 4 bass were fed swordtail ad libitum for 10 d. The ability to detect chemical alarm cues is limited to closely related species and heterospecific species with a history of co-occurrence (Ferrari et al. 2010c ). Sucker and swordtail are neither closely related nor do they co-occur; therefore there was no reason to suspect that swordtail alarm cue would elicit a fright response in sucker. On Day 10, 1 h after feeding, the bass were removed from their holding tank, rinsed with distilled water, and placed into 150 l aerated, unfiltered tanks by feeding history, so that that all bass previously fed sucker were placed into one tank and all bass previously fed swordtail were placed into another. After 24 h, the bass were removed. The water and feces were siphoned from the bottom of the tank, mixed, and frozen in 60 ml aliquots for use as PFCC or PF stimulus.
Behavioral trials
The methods for behavioral trials were identical for both experiments. Behavioral trials were conducted in four 150 l aerated but unfiltered tanks, with water temperature kept between 18 and 21°C. The experimental tanks were encircled with a curtain to remove any visual stimuli, and an opaque barrier was used to visually separate the tanks. Plastic tubing (1 m in length, 0.25 cm inside diam.) was secured to the airstone tubing and extended through the curtain. This tube was used to inject stimulus or control water during the trial. Tanks were drained, rinsed, dried, and refilled between each trial. Trials were videorecorded, and behavioral analysis was conducted from the recording using Observer XT ® software.
Five 1 yr old, predator-naïve sucker were placed into each tank and allowed to acclimate for 24 h. Prior to the start of each trial, 120 ml of water was drawn out of the tank through the injection hose with a syringe. The first 60 ml was discarded, and the remainder was kept to flush the stimulus completely through the tube. All behavioral trials were 10 min in duration, and divided into two 5 min time periods. The stimulus was injected into the tank exactly 5 min into the trial, marking the end of the pre-exposure period and the beginning of the post-exposure period. In order to control for any inherent differences in behavior between tanks, we calculated the response variables (time spent dashing and time spent freezing) by subtracting pre-exposure values from post-exposure values for each individual trial.
Chemical cue recognition experiment
The 4 treatments (AC, PF, PFCC, and control) were replicated 12 times. Within each trial, treatments were randomized among tanks. Behavioral trials were conducted in 2 blocks with 8 trials conducted between 10 and 17 November 2007, and the remaining 4 trials conducted between 14 and 17 March 2008. A total of 240 sucker were used (mean standard length [SL] = 177.34 ± 25.99 mm). The length of fish was consistent with those routinely stocked into Utah Lake as part of the captive propagation program. Each fish was used only once to avoid any learning bias.
Each behavioral response was individually compared using a 2-way ANOVA to test for differences between the treatments while accounting for any difference due to experimental block. Time spent dashing and freezing were both log 10 transformed to meet the assumption of normality and stabilize residuals. Post hoc mean comparisons were done using Tukey's HSD test. All analyses were performed with R version 3.0.1 (R Development Core Team 2013).
Learning experiment
A total of 160 1 yr old suckers (mean SL = 198.29 ± 25.28 mm) were exposed in 230 l tanks to either the PF stimulus (hereinafter condition control, n = 80 fish) or PFCC stimulus (hereinafter conditioned, n = 80 fish). Fish were not re-used from the AC recognition ex periment. Flow was temporarily stopped and 240 ml of the appropriate stimulus was added to the tank, creating a concentration of 0.001 ml stimulus ml −1 of tank water. The concentration of stimulus was higher than that used in the first trial to ensure detection by all fish. After 30 min, flow was resumed.
Two days after initial exposure, half the fish from each exposure history (40 fish; 8 trials per exposure history) were tested for an association between largemouth bass and predation risk using the behavioral trials described above. In these trials, all fish were exposed to the PF stimulus. We followed the same procedure with the remaining fish 10 d after initial exposure. Sucker were initially exposed to either PF or PFCC stimulus on 14 July 2008, and behavioral trials were conducted on 16 and 24 July 2008.
Behavioral variables were compared between exposure history and days since exposure using a 2-way ANOVA with Tukey's HSD used for post-hoc comparisons.
RESULTS

Chemical cue recognition experiment
The behavior of the fish did not differ significantly between the 2 trial blocks (time spent dashing: F 1, 40 = 2.16, p = 0.15; time spent freezing: F 1, 40 = 0.34, p = 0.57). There were significant differences between the treatments in time spent dashing (F 3, 44 = 18.73, p < 0.0001; Fig. 1 ). AC elicited the highest levels of dashing behavior compared to all other treatments (pairwise Tukey-adjusted p-values < 0.03 between AC and all other treatments). Sucker exposed to PFCC exhibited dashing behavior 15 times higher than those exposed to PF (Tukey-adjusted p = 0.01). Exposure to bass odor alone did not result in higher levels of time spent dashing (Tukey-adjusted p = 0.96; Fig. 1 ) than the control. Time spent freezing was not significantly different among treatments (F 3, 40 = 0.71, p = 0.55).
Learning experiment
Two days after exposure, conditioned sucker showed recognition of bass odor as a threat (time spent freezing, F 1, 28 = 8.024, p < 0.01, conditioned vs. condition control at 2 d, Tukey-adjusted p = 0.01; Fig. 2) . By Day 10, conditioned sucker no longer showed any recognition of bass odor (conditioned vs. condition control at 10 d, Tukey-adjusted p = 0.92). Freezing be havior of condition control sucker was similar between Days 2 and 10 (Tukey-adjusted p = 0.14). Time spent dashing was not significantly different between conditioned versus condition control sucker at any time (F 1, 28 = 0.49, p = 0.49). Condition control sucker at Day 2 and sucker from both exposure histories at Day 10 did spend a significant amount of time freezing (all p-values < 0.02). However, the amount of time spent freezing was not significantly different than the control treatment in the chemical cue recognition experiment (F 4, 43 = 0.93, p = 0.46).
DISCUSSION
The production of a chemical alarm cue, recognition of odors associated with this cue, and the ability to relate those odors to danger are all necessary for fishes to identify novel predation threats through olfaction. We showed that sucker can recognize conspecific chemical cues in the odor of a predator that has recently eaten sucker, and form temporary associations between that predator's odor and predation threat. However, we also showed that sucker no longer display any behavioral evidence of this learned association after 10 d.
Although the feces of the largemouth bass that had consumed sucker did elicit a significant fright response, fish exposed to AC alone showed the strongest fright response. One possible explanation for this difference in response is that the concentration of alarm cue was likely higher in the AC-only stimulus. Concentration of chemical alarm cue may serve as an indicator of the proximity of the predation event or the level of threat posed by an approaching predator (Mirza & Chivers 2003 , Zhao et al. 2006 . If cue concentration does convey information about proximity or threat level, a stimulus that contains a higher concentration of the alarm cue would be expected to elicit higher levels of fright response. Zhao et al. (2006) found that the fright response of goldfish Carassius auratus to pike odor and goldfish alarm cue increased as the concentration of the stimulus was increased. Additionally, it is unknown how digestive processes affect the chemical structure of the alarm cue, although it is reasonable to assume that the chemical cue present in the feces has a slightly different structure, which may convey a less immediate threat to conspecifics.
Regardless of the cause of the decrease in dashing behavior between fish exposed to AC only and those exposed to predator feces from fish fed sucker, both stimuli elicited a fright response significantly higher than the control. However, exposing sucker to predator feces alone did not elicit a significant fright response. The failure of bass feces alone to prompt a fright response significantly different than the control indicates that predator-naïve sucker do not innately recognize a threat in largemouth bass feces. This suggests that any significant fright response seen in the learning experiment should be attributable to a learned association between predator feces odor and danger.
Although the fright response switched from dashing to freezing behavior in the learning experiment, our results showed sucker can learn to associate largemouth bass fecal odor with the threat of predation. The cause of the switch from dashing to freezing behavior is unclear. A potential explanation is that the stimulus used to condition the sucker potentially conveyed a lower perceived threat than exposure to undigested AC. The threat level conveyed by the conditioning stimulus combined with the absence of any visual or chemical reinforcement may have led to a level of uncertainty regarding the threat conveyed by predator feces, which manifested itself as a more conservative fright response (Ferrari et al. 2012) .
June sucker showed a learned recognition of a threat conveyed by largemouth bass feces 2 d after initial conditioning. Although there was no difference between conditioned and condition control fish at Day 10, both groups of fish did spend a significant amount of time freezing. While this implies a small fright response, their response was not different from the control treatment in the chemical cue recognition experiment. The inclusion of a true control in the learning experiment would have increased the confidence in our results. Another factor that cannot be discounted is the possibility that social learning occurring during the batch conditioning may have influenced the results seen on Day 2 of the learning experiment (Brown & Laland 2001 . The addition of multiple conditioning batches would have strengthened the interpretation of our results. However, as conducted, our experiment shows that 10 d after conditioning there was no longer evidence that sucker retained the association between predator feces and danger. Length of retention has been shown to vary with the strength of threat conveyed during conditioning (Ferrari et al. 2010b) . As discussed above, there may have been a low perceived risk conveyed by the stimuli used to condition the sucker. Additionally, the hatchery environment is typically designed to maximize growth rate (Johnsson et al. 1996) , which is negatively associated with the length of memory retention (Brown et al. 2011b (Brown et al. , 2013 . Consequently, the rearing environment of captively propagated fishes may result in a predisposition to forget predator cues more quickly. It is worth mentioning that our study (and others like it), cannot actually distinguish between fish that have forgotten the predator cue and those that have discounted the quality of the cue to a level whereby responding to the cue is no longer advantageous (Ferrari et al. 2010a ). However, the behavioral response, and therefore the survival benefit conferred, is the same regardless if the fish has forgotten or discounted the cue.
The ability of fish to forget predator cues makes sense considering the large number of odors to which fish are exposed in the natural environment. There would be a variety of odors present at any given time in addition to the predator odor and alarm cue (Ferrari et al. 2010c ). Additionally, many fish predators are gape limited, and prey can outgrow their vulnerability to these predators (Brown et al. 2011b (Brown et al. , 2013 ). In their model of 'adaptive forgetting ', Ferrari et al. (2010a) proposed that it would not be advantageous to form a permanent association between every odor present and danger after a single exposure to a conspecific alarm cue. Therefore, fish may retain a short association, and in the absence of reinforcement or as the fish grows, the association may disappear.
A June sucker restocking program has been in effect for over a decade, though few stocked fish have appeared in the spawning population -likely due to predation by non-native fishes (Billman et al. 2011) . Low survival of hatchery-reared fish is a commonly reported problem for many captive propagation programs, especially those operating in systems with large native and/or non-native predator populations (Salvanes & Braithwaite 2006) . For example, Shively et al. (1996) found that newly released, hatchery-reared Chinook salmon Oncorhynchus tshawyt scha comprised the majority of the diet of a native predator (the northern squawfish Ptycho chei lus oregonensis) up to 1 wk after hatchery releases. The widespread nature of predation in reducing the effectiveness of stocking programs has led to a rich body of research focused on the ability of prey to learn to recognize novel predator odors (reviewed in Brown et al. 2011a ). However, the results of studies investigating the effectiveness of predator recognition training are mixed (Hawkins et al. 2007 , Wahl et al. 2012 . For example, Berejikian et al. (1999) found that predator recognition training did not improve survival of Chinook salmon. While D'Anna et al. (2012) found that white seabream Diplodus sargus trained to recognize predators were nearly twice as likely to survive as their predator-naïve counterparts. Brown et al. (2013) suggested that the reason for these mixed results may be linked to the length of time the different study species retain learned associations. With this in mind, our results suggest that using chemical cues to train hatchery-raised sucker to recognize and correctly respond to predators prior to stocking into a non-native predator rich environment may not be effective. Although sucker do recognize a conspecific chemical alarm cue both alone and in the feces of a predator that has consumed sucker, and can learn to recognize the odor of a predator's feces, the length of time they retain this association is likely insufficient to convey any poststocking survival benefits (Brown et al. 2013) . However, increasing the threat conveyed by the conditioning stimulus by pairing predator odor with fresh alarm cue may increase the length of time sucker retain the association, potentially increasing the usefulness of chemical cue training for the captive propagation program (Kraft 2009 , Ferrari et al. 2010a . Additionally, the non-native predator community in Utah Lake is now diverse (Table 1; 
